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Abstract. The absence of confirmed signal in dark matter (DM) direct detection (DD)
may suggest weak interaction strengths between DM and the abundant constituents inside
nucleon, i.e. gluons and valence light quarks. In this work we consider a real scalar dark
matter S interacting only with SU(2)L singlet Up-type quarks Ui = uR, cR, tR via a vector-
like fermion ψ which has the same quantum number as Ui. The DM-nucleon scattering
can proceed through both h-mediated Higgs portal (HP) and ψ-mediated vector-like portal
(VLP), in which HP can receive sizable radiative corrections through the new fermions.
We first study the separate constraints on the new Yukawa couplings yi and find that the
constraints of XENON1T results are strong on y1 from VLP scattering and on y3 from
its radiative contributions to HP scattering. Since both DM-light quark interactions and
HP have been well studied in the existing literature, we move forward to focus on DM-
heavy quark interactions. Since there is no valence c, t quark inside nucleons at µhad ∼ 1
GeV, y2, y3 interactions are manifested in DM-gluon scattering at loop level. We find that
renormalization group equation (RGE) and heavy quark threshold effects are important if one
calculates the DM-nucleon scattering rate σSIp at µhad ∼ 1 GeV while constructing the effective
theory at µEFT ∼ mZ . For the benchmarks y3 = 0.5, y2 = 0.5, 1, 3, combined results from
ΩDMh
2 ' 0.12, XENON1T, Fermi-LAT, 13 TeV LHC data have almost excluded mS < mt/2
when only DM-{c, t} interactions are considered. FCNC of top quark can be generated at
both tree level t → ψ(∗)S → cSS and loop level t → c + γ/g/Z, of which the branching
fractions are typically below 10−9 after passing the other constraints, which are still safe
from the current top quark width measurements.
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1 Introduction
The existence of Dark Matter (DM) has been strongly suggested in various astrophysical and
cosmological observations [1–3]. Despite the fact that about 80% of the matter content of
the Universe is composed of DM and many experiments have been searching for possible DM
signals including the Direct Detection (DD), Indirect Detection (ID) and collider searches,
no confirmed non-gravitational properties of DM has been established.
Given the fact that the dominant component in proton and neutron are gluons and the
light quarks, the null confirmed signal from the DD experiments motivate the possibility that
DM may couple weakly to the first generation quarks if DM is a colorless particle in the first
place, the origin of which may be attributed to loop nature and/or destructive cancellation.
The preference of DM couplings to specific fermion flavors in the Standard Model (SM) has
also been suggested in the explanation of the Galactic Center gamma-ray Excess (GCE)
[4–13]. The gamma-ray spectrum fitting of DM annihilations into different SM final states
showed that some fermion species are more suitable than others [14]. The sensitivities of
collider searches for DM also rely on whether and/or how strongly DM couples to different
quark flavors, which would affect both the DM production cross section via light quark fusions
and the visible signal types in the final states associated with the DM.
The above observations have led to the proposal of flavor structure in the interaction
between DM and the SM, the so-called quark-philic (or leptophilic) [15–55]. Extensive stud-
ies have been carried out with different assumptions of the quantum numbers of the particles
participating in the interaction including flavor charge assignment, the particle spin configu-
rations as well as the Lorentz structure of the interaction vertex. Many studies imposed the
assumption of Minimal Flavor Violation (MFV) to evade the strong constraints from various
flavor measurements, which assumes that the origin of flavor mixing comes only from the SM
Yukawa interaction [56]. However, implementation of more general flavor structures beyond
the MFV assumption have also been discussed [57, 58].
Given the special role played by the top quark in the SM, top-philic DM has been
an interesting scenario receiving special attention [49–55]. Due to the heavy top mass and
the wide mass window below the top threshold, the calculations related to the DM thermal
relic are more complicated for DM lighter than the top quark, in which case co-annihilations
are usually important and one needs a more complete calculation without neglecting the
top quark mass. On the contrary, for light quark- or lepton-philic DM scenario, DM mass
is easily above the light fermion threshold if DM is a Weakly Interacting Massive Particle
(WIMP). The large top quark mass is also advantageous if one considers the scalar DM
scenario, especially the real scalar DM S, which receives chiral suppression in both s− and
p−wave components of 〈σv〉SS→f¯f ' s+ p v2, where f are SM fermions and s, p ∝ m2f .
Another interesting point worth emphasizing is that the absence of valence top quark in
nucleons makes DM-gluon scattering at loop level crucial and the future improvement of the
DD sensitivities very important. In our previous work [55] we studied a phenomenologically
motivated top-philic DM model in which the DM is a SM singlet real scalar and interacts
exclusively with the right-handed (RH) top quark through a vector-like fermion mediator.
We found that the projected XENON1T experiment may test the new Yukawa coupling
to O(1) and the future LZ project may further test to O(0.5). The loop nature of DM-
nucleon scattering in the top-philic DM scenario manifests itself in the challenges in the
direct detection.
Interestingly, in an opposite direction, [59] has presented a comprehensive study on a
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scalar DM which interacts only with light quarks −ySψLqR + h.c., where q = u, d and ψ
is a vector-like mediator carrying the same quantum number as qR. Considering that the
DM self-annihilation 〈σv〉SS→q¯q ' d v4 is d-wave suppressed due to mq → 0, [59] studied
two classes of higher-order processes: the internal Bremsstrahlung of a gauge boson V =
γ, Z, g in SS → qq¯V , and SS → V V ′ induced via 1-loop box diagram. Furthermore, non-
perturbative Sommerfeld corrections to the co-annihilation processes ψψ,ψ ψ, ψψ → SM are
also calculated. Other phenomenology including DM direct/indirect detections and collider
signals are also investigated in [59].
In this work we extend our previous study [55] focusing on DM-top quark interaction and
[59] focusing on DM-light quark interactions, by including the DM-charm quark interaction
in the following Lagrangian
L ⊃ −y1SψLuR − y2SψLcR − y3SψLtR + h.c., (1.1)
where S is the SM singlet real scalar DM and ψ is a vector-like mediator carrying the same
quantum number as uR, cR, tR. We use y1, y2, y3 to denote the new Yukawa couplings.
Note that we will not repeat the quite complete analyses in [59] for S − u coupling y1,
especially the complicated higher-order calculations of DM annihilations. Nevertheless we
highlight the scale effects in calculating DM-nucleon scattering rate σSIp due to wide mass gaps
existing in uR, cR, tR, including the renormalization group equation (RGE) and heavy quark
threshold matchings. Our observations that S − u coupling y1 receives strong constraints
from the current DM direct detection experiments agrees well with [59], while we regard our
analysis on scale effects as a complementarity to [59] in which destructive interferences in
effective DM-nucleon coupling will be moderately shifted.
On the other hand, since we are considering a scalar DM, apart from the phenomenology-
irrelevant DM self interaction λSS
4, the Higgs portal interaction λSHS
2H2 would naturally
exist [60–62]. The Higgs portal has been extensively studied in the literature and strong
constraints on it have been found from the measurement of invisible Higgs decay and DM
direct detection experiments (see e.g. [63, 64]). Both [55] and [59] assumed the Higgs portal to
be small and focused on the new interactions mediated by the vector-like ψ portal. However,
λSH can receive high order corrections starting at 1-loop level from Eq.(1.1). In this work
we upgrade our previous analysis by calculating the radiatively generated Higgs portal λ1PISH
at O(y23 y2t ) with yt being the SM top Yukawa. This correction λ1PISH is negligible in [59] for
S − u interaction due to yq → 0, while it turns out to be significant with S − t interaction
and puts strong constraints on y3 if λSH = 0 at tree-level is assumed. The general case with
free parameter λSH 6= 0 at tree-level, however, will bring the total Higgs portal contributions
back to the well-studied scenario. Therefore, except for using λ1PISH to illustrate the interesting
interplay between Higgs portal and vector-like portal, we will still assume that the total Higgs
portal strength up to 1-loop level is small compared to the vector-like portal which can be
easily realized by turning the tree-level free parameter λSH .
After the general analysis and observing that both the S − u coupling y1 and the Higgs
portal have been well discussed in the existing literature and strongly constrained, especially
from the DM direct detection results, their existence would make it difficult to observe the
effects of DM-heavy quark interactions y2, y3 through the new vector-like ψ portal. In the
latter part of this work we will focus on the DM-heavy quark c, t interactions by imposing
λren.SH = 0, (1.2)
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which is the total renormalized Higgs portal up to 1-loop level and
y1 = 0. (1.3)
In this case the new Lagrangian we consider is reduced to
L ⊃ −y2SψLcR − y3SψLtR + h.c.. (1.4)
This paper is organized as follows. In Section 2 we describe our model in more detail. In
Section 3 we briefly review the general framework of calculating the DM-nucleon scattering
rate. In Section 4 we perform a careful discussion of the direct detection signals in this
model including both scalar-type and twist-2 operator contributions, which are missed in
some papers. Starting from Section 5 we concentrate on DM interactions with heavy quarks
c, t with the alleviation of direct detection constraints. In Section 5.1 we explore the model
parameter space to produce a correct DM thermal relic. In Section 5.2 we investigate the
XENON1T constraints on the model’s mass plane. In Section 5.3 we consider the constraints
from DM indirect detection signals from Fermi gamma-ray observations of dwarf galaxies.
In Section 5.4 we discuss the predictions of top quark FCNC observables in this model. In
Section 5.5 we study the collider signals of this model using the 36 fb−1 data at LHC. We
combine the various results in Section 5.6 and present our conclusion in Section 6.
2 Model description
We extend the SM with a real scalar singlet DM S which couples exclusively to the SU(2)L
singlet up-type quarks uR, cR, tR via a vector-like fermion mediator ψ. The new interactions
beyond the SM are
Lnew = Lfermion + Lscalar + LYukawa, (2.1)
Lfermion = ψ¯(i /D −mψ)ψ,
Lscalar = 1
2
∂µS∂µS − 1
2
m2SS
2 − 1
4!
λSS
4 − 1
2
λSHS
2H2,
LYukawa = −y1SψLuR − y2SψLcR − y3SψLtR + h.c.,
where ψ carries the same gauge quantum number as uR, cR, tR and Dµ is the SU(3)×SU(2)×
U(1) covariant derivative in the SM. We assume mS < mψ to meet the DM scenario and
impose an odd Z2 parity to S, ψ to stabilize the DM. Because of this Z2 parity and the chosen
gauge quantum numbers for S, ψ, only uR, cR, tR sector in the SM are involved in the new
Yukawa interaction indicated by LYukawa in Eq.(2.1). This Z2 parity also forbids the mass
mixing between DM S and SM Higgs h. Similarly, the mixings between ψ and SM quarks
u, c, t are also forbidden which implies that the results of LHC searches for exotic heavy
quarks Q′ do not apply, as the targeted decay channels Q′ → Q+ h/Z in those searches are
based on the mass mixing (see e.g. [65–68]).
Compared to our previous study [55] focusing on a phenomenologically motivated top-
philic DM, Eq.(2.1) including all uR, cR, tR introduces several interesting changes:
• DM-nucleon scattering in the direct detection is a low energy non-relativistic process
occurring at µhad ∼ 1 GeV, while other DM phenomenology can happen at much
higher energy scales such as the thermal freeze-out in the early Universe at O(Tf )
with Tf ' mDM/20 and collider detections at O(1) TeV. Although one has the freedom
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of choosing at which scale to match the ultraviolet (UV)-complete Lagrangian Eq.(2.1)
to an effective field theory (EFT) between DM and the SM, this EFT at µEFT still
needs to be matched to another one at µhad ∼ 1 GeV with only a few active degree of
freedom (d.o.f) including DM, light quarks and gluons. If there is a sizable gap between
µEFT and µhad, e.g. µEFT ∼ mZ , the renormalization group equation (RGE) effects
and heavy quark threshold matching with respect to (w.r.t) cR, tR may be important.
• Since gluon is the most abundant constituents inside nucleon, DM-gluon interactions
generated through loops may also be important despite the loop factor suppression. In
this case, loops connecting DM and gluon involving uR, cR, tR should be distinguished
in the sense of short-distance and long-distance parts characterized by different energy
scales [69].
• More annihilation channels UiUj +UjUi with Ui,j = u, c, t and i, j = 1, 2, 3 are available
to produce the observed DM relic abundance ΩDMh
2 ∼ 0.12, which are helpful when
DM mass is below top quark threshold and SS → t¯t is kinematically difficult to open.
• Flavor Changing Neutral Current (FCNC) processes of top quark can be generated at
both tree level t → ψ(∗)S → u/c + SS and loop level t → u/c + γ/g/Z, which can
provide additional tests of this model.
3 Brief review of DM-nucleon effective theory
We start the discussion with the DM-nucleon scattering rate in direct detection experiment.
We follow the effective theories of DM-nucleon interaction constructed in [70, 71] which
carefully distinguishes long-distance (LD) and short-distance (SD) components in the loop-
generated DM-gluon coupling [69].
To calculate the DM-nucleon scattering rate at µhad ∼ 1 GeV, the following steps are
included:
• First, one integrates out the mediator particles and constructs the effective theory for
the DM, quarks, and gluons at a certain scale µEFT. The effective interactions usually
consist of higher-dimensional operators.
• Second, the Wilson coefficients (WC) of the effective operators are evolved according
to the RGE down to µhad ∼ 1 GeV where the nucleon matrix elements of the operators
are evaluated. In this process one usually needs to pass several heavy quark thresholds
where the corresponding heavy quarks are also integrated out.
• Finally, one expresses the DM-nucleon effective coupling in terms of the Wilson coeffi-
cients and the nucleon matrix elements. Then the scattering cross sections are obtained
from this DM-nucleon effective coupling.
In the first step, the effective theory for the DM, quarks, and gluons can be expressed as
Leff =
∑
p=q,g
CpSOpS +
∑
p=q,g
CpT2O
p
T2
, (3.1)
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with
OqS ≡ S2mq q¯q , OgS ≡ S2
αs
pi
GAµνGAµν ,
OqT2 ≡
1
m2S
Si∂µi∂νSOqµν , OgT2 ≡
1
m2S
Si∂µi∂νSOgµν . (3.2)
In the above, OqS ,OgS are scalar-type operators while Oqµν and Ogµν are the twist-2 operators
of quarks and gluon defined by
Oqµν ≡
1
2
qi
(
Dµγν +Dνγµ −
1
2
gµν /D
)
q ,
Ogµν ≡ GAρµ GAνρ −
1
4
gµνG
A
ρσG
Aρσ . (3.3)
Then one performs the evolutions of Wilson coefficients according to RGE. For scalar-type
interactions we have
CqS(µ) = C
q
S(µ0)− 4CgS(µ0)
α2s(µ0)
β(αs(µ0))
(γm(µ)− γm(µ0)) , (3.4)
CgS(µ) =
β(αs(µ))
α2s(µ)
α2s(µ0)
β(αs(µ0))
CgS(µ0) , (3.5)
where the beta-function of αs and the anomalous dimension of quark mass operator are given
by
β(αs) = (2b1)
α2s
4pi
+ (2b2)
α3s
(4pi)2
, γm = −6CF αs
4pi
, (3.6)
with
b1 = −11
3
Nc +
2
3
Nf , b2 = −34
3
N2c +
10
3
NcNf + 2CFNf . (3.7)
In the above expressions, Nc = 3 is the number of SU(3) colors, Nf denotes the number
of active quark flavors in an effective theory and CF is the quadratic Casimir invariant
CF ≡ N
2
c−1
2Nc
.
For the twist-2 type interactions the RGEs are
µ
d
dµ
(CqTi , C
g
Ti
) = (CqTi , C
g
Ti
) ΓT , (3.8)
with i = 1, 2 in Eq.(3.2) and ΓT being a (Nf + 1)× (Nf + 1) matrix:
ΓT =

γqq 0 · · · 0 γqg
0 γqq
...
...
...
. . . 0
...
0 · · · 0 γqq γqg
γgq · · · · · · γgq γgg
 , (3.9)
where
γqq =
16
3
CF
αs
4pi
, γqg =
4
3
αs
4pi
,
γgq =
16
3
CF
αs
4pi
, γgg =
4
3
Nf
αs
4pi
. (3.10)
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The solution of twist-2 operator RGEs can be found in [72, 73].
Before reaching µhad ∼ 1 GeV, we need to pass the heavy quark thresholds such as
µb ∼ mb and µc ∼ mc. Taking bottom quark as an example, the matching condition we took
are
1
αs(µb)|Nf=4
=
1
αs(µb)|Nf=5
+
1
3pi
ln
(
µb
mb
)
, (3.11)
and
CqS(µb)|Nf=4 = CqS(µb)|Nf=5 ,
[αsC
g
S ](µb)|Nf=4 = −
αs(µb)
12
[
1 +
αs(µb)
4pi
(
11 +
2
3
ln
m2b
µ2b
)]
CbS(µb)|Nf=5
+
[
1 +
αs(µb)
4pi
2
3
ln
m2b
µ2b
]
[αsC
g
S ](µb)|Nf=5 ,
CqTi(µb)|Nf=4 = C
q
Ti
(µb)|Nf=5 ,
CgTi(µb)|Nf=4 =
[
1 +
αs(µb)
4pi
2
3
ln
m2b
µ2b
]
CgTi(µb)|Nf=5 +
αs(µb)
4pi
2
3
ln
m2b
µ2b
CbTi(µb)|Nf=5 ,
(3.12)
where we have included the next-to-leading order αs contribution to C
g
S since the effect is
known to be large [74], especially for charm quark. In our calculation, we take µb = mb and
µc = mc for simplification.
Finally, the effective interaction between scalar DM and a nucleon is defined by
L(N)SI = fNS2NN , (3.13)
where
fN/mN =
∑
q=u,d,s
CqS(µhad)f
(N)
Tq
− 8
9
CgS(µhad)f
(N)
TG
+
3
4
Nf∑
q
CqT2(µ)[q(2;µ) + q(2;µ)]−
3
4
CgT2(µ)g(2;µ) , (3.14)
and
f
(N)
Tq
≡ 〈N |mq q¯q|N〉/mN ,
q(2;µ) =
∫ 1
0
dx x q(x, µ) , q¯(2;µ) =
∫ 1
0
dx x q¯(x, µ) , g(2;µ) =
∫ 1
0
dx x g(x, µ) , (3.15)
with q(x, µ), q¯(x, µ) and g(x, µ) being the PDFs of quarks, anti-quarks and gluon at factor-
ization scale µ, respectively.
Note that the light quark mass fractions f
(N)
Tq
belong to the non-perturbative QCD
region and are obtained from the lattice QCD simulations. Accordingly, one needs to use
the Wilson coefficients CqS(µhad) at µhad ∼ 1 GeV. On the contrary, twist-2 matrix elements
q(2;µ), q¯(2;µ), g(2;µ) can be calculated perturbatively using parton PDFs to other scales [69–
73, 75], thus one can choose a convenient scale applied to both the twist-2 Wilson coefficients
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and matrix elements, e.g. simply the scale µEFT of the first-step EFT is defined. In this work
we use the same the nucleon matrix elements as those given in [69, 73].
Since the DM particle is a scalar in our model, only spin-independent (SI) DM-nucleus
interaction is generated. The cross section can be expressed by
σ =
1
pi
(
mT
mS +mT
)2
|npfp + nnfn|2 , (3.16)
where mT is the mass of the target nucleus and np, nn are the numbers of protons and
neutrons in the nucleus, respectively.
4 Direct detection in our model
In this section we choose µEFT = mZ and extract the Wilson coefficients in Eq.(3.1) from
the UV-complete Lagrangian in Eq.(2.1) up to O(y2i ). The active SM d.o.fs at this scale
include u, c, g, while top quark and vector-like fermion ψ are integrated out. Then we include
RGE effects and heavy quark threshold matching to calculate DM-nucleon scattering rate at
µhad ∼ 1 GeV.
u, c, t
h
t
ψ ψS S
tt tt
h
S S
S S
u, c u, c
ψ ψ
S S
g g
g g
h Portal :
ψ Portal :
(a)
(b)
(c)
q q
q = u, d, s, c, b
Figure 1. Feynman diagrams used for calculating the Wilson coefficients, at the order of O(y2i ), of
the effective operators in Eq.(3.1) when choosing µEFT = mZ . We refer to diagrams mediated by the
SM Higgs h as Higgs portal, while denoting others as vector-like ψ portal.
Apart from the conventional t-channel Higgs-mediated DM-nucleon scattering at tree-
level for scalar DM, the new Feynman diagrams we consider in our model are presented in
Fig.1, all of which generate Wilson coefficients in Eq.(3.1) at the order of O(y2i ) in terms of
the new Yukawa couplings in Eq.(2.1). We will still identify the t-channel Higgs-mediated
diagrams to be the Higgs portal (HP), while calling the others the vector-like ψ portal
(VLP). Note that the HP diagrams only generate scalar-type interactions in Eq.(3.1) while
VLP generates both scalar-type and twist-2 operators [71].
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4.1 Higgs portal at O(y2i )
Since we are considering a scalar DM, apart from the phenomenologically irrelevant DM
self interaction λSS
4, the Higgs portal interaction λSHS
2H2 would naturally exist [60–62].
The Higgs portal has been extensively studied in the literature and strong constraints on it
have been found from the measurements of invisible Higgs decay and DM direct detection
experiments (see e.g. [63, 64]). Even if one sets λSH = 0 in the Lagrangian Eq.(2.1), it will
receive loop corrections starting from 1-loop level in our model, as shown in the 1PI triangle
vertex in Fig.1.
λ1PISH =
∑
k=1,2,3
(−8)y23 Nc (
mUk
v
)2
1
16pi2
(
4C00 +m
2
S(C11 + C22)− 2m2SC12
)
, (4.1)
Cij ≡ Cij(m2S , 0,m2S ;m2ψ,m2Uk ,m2Uk), (4.2)
where Nc = 3, Uk=1,2,3 = {u, c, t} and v ' 246 GeV is the SM vacuum expectation value
(vev). In the more general case with λSH 6= 0 in the Lagrangian Eq.(2.1), one would need a
more complete renormalization for λSH at 1-loop level
λren.SH = λSH + δλSH + λ
1PI
SH + λSH(
1
2
δZh + δZS + δv), (4.3)
where δZh, δZS are field renormalization strength constants in on-shell renormalization scheme
for Higgs and scalar DM, while δv is the counterterm for the SM vev. The full calculations
in usual Higgs portal for δZh, δZS , δv can be found in, e.g. [76, 77], while δZS in our model
receives the following additional contributions
δZnewS =
∑
k=1,2,3
2 y2kNc
1
16pi2
(
4B′00 + (B11 +B1) +m
2
S(B
′
11 +B
′
1)
)
, (4.4)
B
(′)
i,ij ≡ B(′)i,ij(m2S ;m2ψ,m2Uk). (4.5)
In the numerical calculations we impose modified minimal subtraction (MS) scheme by
choosing δλSH = (...)∆ to eliminate all ∆ = 1/− γE + ln 4pi in λren.SH . Note that the minimal
subtraction scheme is also a common choice, e.g. as utilized in [76, 77]. We also set the
artificial scale originating from dimensional regularization (DR) to be µDR = mψ throughout
this work. By denoting the finite parts in λ1PISH , δZh, δZS using the notation Fin.[...], one can
rewrite λren.SH as
λren.SH = λSH
(
1 + Fin.[
1
2
δZh + δZS + δv]
)
+ Fin.[λ1PISH ]. (4.6)
When combined with the Higgs-quark and Higgs-gluon interactions in Fig.1, the Wilson
coefficients in Eq.(3.1) from Higgs portal are:
CqS,HP =
λren.SH
m2h
, CgS,HP = −
λren.SH
12m2h
, (4.7)
where q = u, d, s, c, b and we usemh = 125 GeV. Note that there is no
αs
pi factor in C
g
S,HP which
has been absorbed in the definition of scalar-type gluon operator αspi G
AµνGAµν in Eq.(3.2), as
clarified in [71].
In this work we will consider two special choices for λSH in Eq.(4.6).
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• Case-I:
λSH = 0, (4.8)
λren.SH = Fin.[λ
1PI
SH ]. (4.9)
This choice can provide a direct comparison to the vector-like ψ portal contribution to
DM-nucleon scattering at the same order O(y2i ),
CqS,HP =
Fin.[λ1PISH ]
m2h
∝ y23, CgS,HP = −
Fin.[λ1PISH ]
12m2h
∝ y23, (4.10)
where we ignored the U1 = u, U2 = c contributions in Eq.(4.1) for λ
1PI
SH due to the small
mu,mc.
• Case-II:
λSH = − Fin.[λ
1PI
SH ]
1 + Fin.[12δZh + δZS + δv]
, (4.11)
λren.SH = 0. (4.12)
In this case, the Higgs portal at 1-loop level vanishes in the effective theory defined at
µEFT = mZ
CqS,HP = C
g
S,HP = 0. (4.13)
4.2 Vector-like ψ portal at O(y2i )
In Fig.1, the DM-quark Wilson coefficients in Eq.(3.1) from vector-like ψ portal at O(y2i )
have been given in [70] as follows:
Cu,cS,VLP =
y21,2
4
2m2ψ −m2S(
m2ψ − (mS +mu,c)2
)2 , (4.14)
Cu,cT2,VLP = y
2
1,2
m2S(
m2ψ − (mS +mu,c)2
)2 , (4.15)
where we have explicitly kept the small quark masses mu,c in the denominators for the
convenience of the following discussion.
To calculate DM-gluon Wilson coefficients CgS,VLP in Fig.1, one needs to distinguish
diagram (a) from (b,c), in which (a) belongs to long distance (LD) effect characterized by
qloop ∼ mu,c,t while diagram (b,c) belong to short distance (SD) effects characterized by
qloop ∼ mψ [69]. Only those effects coming from energy scales above µEFT = mZ should be
integrated into CgS , which include all SD effects as well as top quark LD
1.
CgS,VLP = C
g
S,VLP|LD+SDt + CgS,VLP|SDu,c , (4.16)
CgS,VLP|LD+SDt =
1
4
y23
2
(
f
(a)
+ + f
(b)
+ + f
(c)
+
)
(mS ;mt,mψ) ,
CgS,VLP|SDu,c =
1
4
y21,2
2
(
f
(b)
+ + f
(c)
+
)
(mS ;mu,c,mψ) ,
1Although the case mψ < mZ will slightly change the argument, a colored fermion particle lighter than
mZ will be strongly constrained given the current LHC data. We do not consider such light colored mediator
in this work.
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where the expressions of f
(a,b,c)
+ (mS ;mu,c,t,mψ) can be found in [70].
Furthermore, one needs to distinguish diagram (a) containing u and c quarks charac-
terized by qloop ∼ mu,c. Tiny up quark mass mu < ΛQCD is in the non-perturbative QCD
energy region, therefore diagram (a) for up quark should be included in the matrix element
〈N |muu¯u|N〉 obtained from lattice QCD simulations, but not in the perturbative evaluation
of CgS,VLP. On the contrary, mc > ΛQCD can be included in perturbative calculations and the
LD diagram (a) for charm quark comes into place when one performs charm quark thresh-
old matching near mc, i.e. by integrating out charm quark into DM-gluon operator. More
interestingly, an explicit calculation of CgS,VLP|LDc from LD diagram (a) for charm quark at
µEFT = mZ can be related to DM-quark Wilson coefficient C
c
S,VLP using the following relation
[78]
mQQQ = − αs
12pi
GAµνGAµν , (4.17)
where Q denotes heavy quarks c, b, t. This implies
CcS,VLP =
(
− 1
12
)−1
CgS,VLP|LDc , (4.18)
which can be regarded as loop-diagram matching for CcS,VLP. It has been shown that [79],
contrary to the pole at mψ = mS + mc in Eq.(4.14) obtained from tree-diagram matching
using left-bottom diagram in Fig.1, Eq.(4.18) is regular at mψ = mS + mc. However, our
numerical calculations do not cover this small mass parameter region ∼ mc. Therefore both
matching results are applicable.
As for the Wilson coefficient CgT2,VLP for the twist-2 gluon operator, it turns out to be
of order O(y2i α1s) and thus suppressed by αspi . As clarified in [69–71] and also exhibited in
[72, 73], for a chosen loop diagram generating DM-gluon interaction (which is up to 1-loop
considered in this work), the αspi difference in the definitions of scalar-type gluon operator
αs
pi G
AµνGAµν in Eq.(3.2) and twist-2 gluon operator G
Aρ
µ GAνρ− 14gµνGAρσGAρσ in Eq.(3.3) results
in an αspi suppression in C
g
T2,VLP
compared to CgS,VLP. Considering that the matrix element
of scalar and twist-2 gluon operators inside nucleon are at the same order O(1) [69, 73],
the twist-2 gluon operator contribution is negligible and we ignore it in Eq.(3.14) for the
DM-nucleon effective coupling fN .
4.3 Differences between µEFT = mZ and µEFT = µhad
Before presenting the numerical results, we point out the main differences if one directly
chooses µEFT = µhad ∼ 1 GeV instead of µEFT = mZ for the DM direct detection calculation.
• When choosing µEFT = µhad ∼ 1 GeV, calculation of DM-nucleon scattering rate is
simplified and no RGE running and heavy quark threshold effects is applied to the
Wilson coefficients.
• Eq.(3.14) for the DM-nucleon effective coupling fN only includes Cu,gS,T2 at µhad ∼ 1 GeV
for this model, without the additional d, s quark operators induced by RGE running
and mixing in the µEFT = mZ case.
• u-quark twist-2 operator matrix element u(2;µ) + u(2;µ) should take the value at
µ = µhad ∼ 1 GeV if one uses the Wilson coefficient CuT2(µhad) matched at µEFT = µhad.
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• Both LD and SD effects of c, t quark loops in Fig.1 are integrated into CgS,VLP as follows
compared to Eq.(4.16)
CgS,VLP = C
g
S,VLP|LD+SDc,t + CgS,VLP|SDu , (4.19)
CgS,VLP|LD+SDc,t =
1
4
y22,3
2
(
f
(a)
+ + f
(b)
+ + f
(c)
+
)
(mS ;mc,t,mψ) ,
CgS,VLP|SDu =
1
4
y21
2
(
f
(b)
+ + f
(c)
+
)
(mS ;mu,mψ) .
4.4 Numerical results
After combining the Higgs portal in Section 4.1 and vector-like ψ portal in Section 4.2,
in Fig.2 we present the constraints on a single y1, y2, y3 when the other two are set to be
zero on the plane of mS versus yi, (i = 1, 2, 3), from the latest XENON1T results on spin
independent DM-nucleon scattering rate. We choose three benchmark mediator masses mψ =
100, 500, 1000 GeV indicated by red, green and blue color, and use solid (dashed) lines to
denote the choice of µEFT = mZ ( µhad) with (without) RGE and heavy quark threshold
effects. Since Eq.(4.10) indicates that only top quark contributes sizably to Fin.[λ1PISH ] at
O(y23), we use blue and black lines to distinguish bounds on y3 for the two benchmark
choices of λSH in Eq.(4.8) and Eq.(4.11).
We have the following interesting observations:
• RGE and heavy quark threshold effects are important if one chooses µEFT = mZ while
calculating the DM-nucleon scattering rate at µhad ∼ 1 GeV. We regard the bounds on
y1 embedding the scale effects in Fig.1 as a complementarity to [59] which performed a
comprehensive study for scalar DM interactions with light quarks through a vector-like
mediator, including a similar part −y1SψLuR in this work.
• When focusing only on the vector-like ψ portal (red, green, black), DM-up quark cou-
pling y1 generally receives the strongest constraints, followed by the weaker bounds
on y2 and y3, except for a peak structure coming from the destructive cancellations
between DM-gluon and DM-up quark interactions (observed also in [59, 73]). Choices
of µEFT = mZ and µEFT = µhad result in different peak locations.
• Constraints on y3 with λren.SH = Fin.[λ1PISH ] (blue) is about O(101) stronger than the
case of λren.SH = 0 (black), and can be even stronger than the bounds on y1 with mψ &
200 GeV. This implies that y3 can contribute significantly through the Higgs portal
Fin.[λ1PISH ]/m
2
h in Eq.(4.1), but very little through the vector-like ψ portal C
g
S,VLP|t in
Eq.(4.16). Note that strong constraints from DM direct detection experiments on the
Higgs portal have already been well studied in, e.g. [63, 64] and references therein.
5 DM-heavy quark c, t interactions
Since both the S − u coupling y1 and the Higgs portal have been well discussed in the
existing literature and strongly constrained, especially from the DM direct detection results,
their existence would make it difficult to observe the effects of DM-heavy quark interactions
y2, y3 through the vector-like ψ portal. In the latter part of this work we will focus on the
DM-heavy quark c, t interactions by imposing
λren.SH = 0, (5.1)
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Figure 2. The constraints on a single y1, y2, y3 when the other two are set to be zero on the plane of
mS versus yi, from the latest XENON1T results on spin independent DM-nucleon scattering rate.
and
y1 = 0. (5.2)
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In this case the new Lagrangian we consider is reduced to
L ⊃ −y2SψLcR − y3SψLtR + h.c.. (5.3)
5.1 Relic Abundance
The most relevant DM annihilation processes for DM-{c, t} interactions are given in Fig.3.
The thermally averaged DM annihilation cross sections can be decomposed into partial waves
as 〈σv〉 ' s+ p v2. We implement our model with FeynRules [80] and use micrOMEGAs
[81, 82] to calculate the DM thermal relic density which systematically takes into account co-
annihilations, threshold and resonant effects [83]. Before presenting numerical results, here
we give the analytic results obtained using FeynCalc [84, 85]. We found good agreement
with the numerical calculations.
t, c
t, c
S
S
ψ
S
ψ
t, c
g
g
Figure 3. Most relevant DM annihilation channels in this work.
σv(SS → tt¯)s =
(
y43
) 3
4pim2t
(r2S − 1)3/2
r3S(r
2
S(r
2
ψ + 1)− 1)2
, (5.4)
σv(SS → tt¯)p =
(
y43
) 1
32pim2t
(r2S − 1)1/2
r3S(r
2
S(r
2
ψ + 1)− 1)4
×(−16r6S(2r2ψ + 1) + r4S(r2ψ + 1)(9r2ψ + 41)− 2r2S(9r2ψ + 17) + 9) ,
σv(SS → tc¯+ ct¯)s =
(
y22y
2
3
) 3
16pim2t
(1− 4r2S)2
r4S(1− 2r2S(r2ψ + 1))2
, (5.5)
σv(SS → tc¯+ ct¯)p =
(
y22y
2
3
) 1
32pim2t
1− 4r2S
r4S(1− 2r2S(r2ψ + 1))4
×(64r6S(2r2ψ + 1)− 4r4S(3r4ψ + 16r2ψ + 17) + 2r2S(7r2ψ + 11)− 3) ,
and
σv(Sψ → gt)s =
(
g2sy
2
3
) 1
24pim2t
r2S(rψ + 1)
2 − 1
r4Sr
2
ψ(rψ + 1)
3
, (5.6)
σv(Sψ → gt)p =
(
g2sy
2
3
) 1
144pim2t
1
r4Sr
2
ψ(rψ + 1)
5(r2S(rψ + 1)
2 − 1)
×(r4S
(
13r2ψ − 7rψ − 4)(rψ + 1)4 − 2r2S(r2ψ − 6rψ − 4)(rψ + 1)2 ,
+5r2ψ − 5rψ − 4
)
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where gs is the SM SU(3) gauge coupling and the mass ratios are defined by
rS =
mS
mt
, rψ =
mψ
mS
. (5.7)
Results for SS → cc¯ and Sψ → gc can be obtained by replacing t→ c and y3 → y2 in those
of SS → tt¯ and Sψ → gt. Apart from the tree level annihilations, we also have SS → gg
induced by the loop coupling CgS and
σv(SS → gg)s = 64
pi
|αs
pi
CgS |2m2S , (5.8)
σv(SS → gg)p = 16
pi
|αs
pi
CgS |2m2S .
In the left panel of Fig.4 we show the proper masses mS ,mψ to produce ΩDMh
2 ' 0.12
[86] (with an uncertainty of 10% in numerical calculation) for y3 = 0.5 which can provide a
moderate contribution from top quark sector, and y2 = 0.5, 1, 3 to cover the perturbative but
sizable range of DM-charm interaction considering the chiral suppression from mc. We also
show the contributions from different annihilation channels for y2 = y3 = 0.5 in the right
panel. Since co-annihilation is only relevant when (mψ/mS − 1) . 1/xf with xf = mS/Tf ∼
25 [83], the channels with dominant contribution are SS → ff¯ ′ with f, f ′ = t, c, except when
mS & 1 TeV in which case the co-annihilations TT → SM and SS → gg become important.
Also note that for mS & 2mt when both the top and charm quark appear to be massless with
respect to mS , the contribution from SS → tc¯ + ct¯ approaches that of SS → tt¯ because of
y2 = y3 = 0.5 we choose for the illustration. Also, we remind ourselves that C
g
S obtained in
[69, 70] assumes small gluon momenta expansion and thus may not sufficiently describe the
annihilation process where full loop calculations may be more suitable. However, the right
panel of Fig.4 indicates that tree level annihilations into c, t quarks with y2, y3 ∼ O(1) can
already produce the observed DM relic abundance. Therefore we leave the more complete
exploration for the loop-induced DM annihilations in future works (see [87] for a recent
discussion and references therein).
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Figure 4. Left: Mass spectrum producing correct relic abundance (10% uncertainty included);
Right: Contributions from different annihilation channels for y2 = y3 = 0.5.
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5.2 Direct detection
From the discussions in Section 4, it is straightforward to obtain the constraints from
XENON1T on the mass plane mS ,mψ for the benchmark couplings y3 = 0.5 and y2 = 0.5, 1, 3
chosen for the thermal relic discussion. We show the contour bounds in Fig.5 for µEFT = mZ
to be consistent with the phenomenology scales discussed in this section.
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Figure 5. Constraints from XENON1T results on the mass plane mS ,mψ for y3 = 0.5 and y2 =
0.5, 1, 3 with µEFT = mZ to be consistent with the phenomenology scales discussed in this section.
Regions below solid lines are excluded.
5.3 Indirect detection
Analogous to the method introduced in our previous work [55] (also in [59, 88]), we impose
the bounds set by Fermi observation of dwarf galaxy on DM annihilation into certain SM final
states to further constrain our model [89]. In today’s Universe with DM velocity v ∼ 10−3c,
the relevant DM annihilations are the s-wave components of SS → ff¯ ′ with f, f ′ = t, c and
SS → gg. We construct the following function of the number of photons produced in a single
DM pair annihilation event:
N thγ = 2Nγ,t(mS)× σv(SS → tt¯)s + 2Nγ,c(mS)× σv(SS → cc¯)s (5.9)
+
(
Nγ,t(Et) +Nγ,c(Ec)
)
× σv(SS → tc¯+ ct¯)s + 2Nγ,g(mS)× σv(SS → gg)s ,
N expγ = 2Nγ,b(mS)× σvbb¯(mS),
where Nγ,f (Ef ) denotes the number of photons produced by a single SM fermion f with
energy Ef
Nγ,f (Ef ) =
∫ Emax
Emin
dEγ
dNγ,f
dEγ
(Ef ) , (5.10)
and
Et =
4m2S +m
2
t −m2c
4mS
, Ec =
4m2S +m
2
c −m2t
4mS
. (5.11)
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We choose the following photon energy range according to Fermi’s report
Emax = min{Ef , 300 GeV} , Emin = 0.3 GeV. (5.12)
We use the photon number spectra
dNγ,f
dEγ
(Ef ) calculated by PPPC4DM [90, 91] which
contain the electroweak corrections. σvbb¯(mS) is also taken from Fermi’s report. We set the
following requirement
N thγ . N expγ . (5.13)
In the left panel of Fig.6 we show Nγ,f (Ef ) for f = t, c, b, g taken from PPPC4DM,
from which one can see that the top quark is capable of producing more photons than
others, meanwhile photons from charm quark are approximately the same as the those from
gluon. This observation suggests that the constraints from Fermi dwarf observation should
be stronger when on-shell top quark(s) is produced. In the right panel we show the bounds
on the plane of mψ,mS for y3 = 0.5 and y2 = 0.5, 1, 3. As expected, the exclusion becomes
stronger when mS & mt/2 in which case a single top quark can be produced. The bounds
are even more stringent when SS → tt¯ is kinematically open and the lower bound of the
mediator mass can reach {400, 600, 1000} GeV, respectively. We also notice that Fermi dwarf
observation is a good complementarity in mS > mt/2 to the direct detection constraints from
XENON1T, which is significant for mS < mt/2 as shown in Fig.5.
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Figure 6. Left: Photon numbers produced by different SM fermions taken from PPPC4DM [90, 91];
Right: Constraints from current Fermi dwarf observation [89], regions below solid lines are excluded.
5.4 FCNC of top quark
The FCNC processes for top quark in DM-{c, t} interactions can be generated at both tree
level t→ T (∗)S → cSS and loop level t→ c+ γ/g/Z, with the diagrams shown in Fig.7.
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Figure 7. FCNC processes of top quark in this model.
The widths of tree-level processes can be expressed by
Γ(t→ cSS) =
(
y22y
2
3
) 1
1024pi3mt
∫ m212,max
m212,min
dm212
∫ m223,max
m223,min
dm223
1
(m212 −m2ψ)2(m223 −m2ψ)2
(5.14)
×
(
m612(−m223) + 2m412m423 +m412m223m2c −m212m623 +m212m423m2c − 4m212m223
m2cm
2
ψ +m
2
12m
2
cm
4
ψ +m
2
t (m
4
12(m
2
23 +m
2
c −m2S) +m212(m423 + 2m2c(m223 − 2m2ψ)
−4m223m2ψ + 2m2Sm2ψ +m4ψ) +m423m2c − 4m223m2cm2ψ −m2S(m223 −m2ψ)2
+m223m
4
ψ + 4m
2
cm
4
ψ −m2Sm4ψ) +m2S(m412(m2S −m2c) +m212(2m2cm2ψ − 2m223m2S)
+m423m
2
S −m2cm4ψ)−m423m2cm2S + 2m223m2cm2Sm2ψ +m223m2cm4ψ −m2cm2Sm4ψ
)
,
where we have kept mc in the calculation and
m212,min = (mS +mc)
2, m212,max = (mt −mS)2 , (5.15)
m223,min = (E
∗
2 + E
∗
3)
2 −
(√
E∗22 −m2c +
√
E∗23 −m2S
)2
,
m223,max = (E
∗
2 + E
∗
3)
2 −
(√
E∗22 −m2c −
√
E∗23 −m2S
)2
,
E∗2 =
m212 −m2S +m2c
2m12
, E∗3 =
m2t −m212 −m2S
2m12
.
For the loop level processes t → c + γ/g/Z, the generic amplitudes can be written in
the following form:
iMtcV = u¯(p2) Γµu(p1) µ(k, λ) , (5.16)
where V = γ/g/Z and p1, p2, and k are the 4-momenta of the incoming top quark, outgoing
charm quark and outgoing gauge boson, respectively. µ(k, λ) is the polarization vector of the
outgoing gauge boson. The vertices Γµ with on-shell external particles can be decomposed
as [92]
ΓµtcZ = γ
µ(PLAZ1 + PRBZ1) + iσ
µνkν(PLAZ2 + PRBZ2) , (5.17)
Γµtcγ = iσ
µνkν(PLAγ2 + PRBγ2) , (5.18)
Γµtcg = T
aiσµνkν(PLAg2 + PRBg2) , (5.19)
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where PR,L =
1
2(1± γ5), σµν = i2 [γµ, γν ] and T a are the generators of SU(3) color. Then the
widths are
Γ(t→ cZ) = m
3
t
32pim2Z
(1− m
2
Z
m2t
)2
[
(1 + 2
m2Z
m2t
)(|AZ1|2 + |BZ1|2)
−6m
2
Z
mt
Re
(
AZ1B
∗
Z2 +AZ2B
∗
Z1
)
+m2Z(2 +
m2Z
m2t
)(|AZ2|2 + |BZ2|2)
]
,(5.20)
Γ(t→ cγ) = m
3
t
16pi
(|Aγ2|2 + |Bγ2|2) , (5.21)
Γ(t→ cg) = CF m
3
t
16pi
(|Ag2|2 + |Bg2|2) , (5.22)
where we have used mc = 0 for simplification. After calculating the loop diagram in Fig.7
and extracting the coefficients [93, 94] we can obtain
AZ1 = −DZ mcmt
(
gZL
Bt −Bc
m2t −m2c
+ gZR(C0 + 2C1 + C11 + 2C12 + 2C2 + C22)
)
,
BZ1 = −DZ gZR
(m2t Bt −m2c Bc
m2t −m2c
+m2ψC0 − 2C00 +m2ZC12 +
1
2
)
,
AZ2 = DZ gZRmt (C12 + C2 + C22), BZ2 = DZ gZRmc (C1 + C11 + C12) ,
Aγ2 = Dγ gγRmt (C12 + C2 + C22), Bγ2 = Dγ gγRmc (C1 + C11 + C12) ,
Ag2 = Dg ggRmt (C12 + C2 + C22), Bg2 = Dg ggRmc (C12 + C2 + C22) , (5.23)
where
Bt = (B0 +B1)
(
m2t ;m
2
S ,m
2
ψ
)
,
Bc = (B0 +B1)
(
m2c ;m
2
S ,m
2
ψ
)
,
Ci,ij = Ci,ij
(
m2c ,m
2
V ,m
2
t ;m
2
S ,m
2
ψ,m
2
ψ
)
,
DZ = −y2y3 g2
cw
i
16pi2
, Dγ = −y2y3 e i
16pi2
, Dg = −y2y3 gs i
16pi2
,
gZL =
1
2
− 2
3
s2w, gZR = −
2
3
s2w, gγR = ggR =
2
3
, (5.24)
with sw ≡ sin θw, cw ≡ cos θw and θw is the Weinberg angle. We checked the loop divergence
cancellation in the widths and use LoopTools [95] based on FF package [96] to perform
numerical calculations.
In Fig.8 we choose y2 = y3 = 0.5 as a benchmark point and show the predictions of
Br(t→ cSS) and Br(t→ c+γ/g/Z) in the left and right panel, respectively. We found that
Br(t→ cSS) can exceed 10−7 with a mediator lighter than 1 TeV. The loop FCNC branching
fractions can reach 10−8 with light mediator mψ . 300 GeV but are smaller than 10−10 with
mψ ∼ 1 TeV. Benefiting from the strong coupling strength and color index, Br(t → cg) is
about one order of magnitude larger than the other two.
5.5 Collider detection
The typical collider signals for DM-{c, t} interactions are /ET + {tt¯, jj, tj} from the pair
production of colored mediator pp→ ψψ followed by ψ → S + t/c. In this work we consider
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Figure 8. FCNC of top quark at tree (left panel) and loop level (right panel).
the tt¯, jj signals which are analogous to the supersymmetry (SUSY) searches for stop and first
two generation squarks pp→ t˜∗t˜, q˜∗q˜, but with larger ψψ production cross section compared
to t˜∗t˜, q˜∗q˜ with the same mass due to the internal spin degree of freedom. In our previous
work [55] we performed a detailed study of /ET + tt¯ signal for top-philic DM scenario based
on ATLAS 13.2 fb−1 data at 13 TeV and found that the excluded mediator mass can reach
1150 GeV compared to 800 GeV in stop search [97]. In the SUSY case, the bounds on first
two generation squarks are stronger than stop, which have currently reached 1.6 TeV [98] for
squarks with 36 fb−1 data at LHC compared to 950 GeV for stop [99] using 1`+ jets+ /ET
signal. As a result, /ET + jj should also be an important signal at collider when we allow
DM to couple to both charm and top quark in this work.
The production cross sections of /ET + tt¯, jj depend on Br(ψ → St, Sc). The partial
decay width of the mediator is
Γ(ψ → SQ) = y2Q
mψ
32pi
(1 + x2Q − x2S)
[(
1− (xQ + xS)2
)(
1− (xQ − xS)2
)]1/2
(5.25)
≡ y2QF (mQ,mS ,mψ) ,
where Q = c, t are on-shell, yQ = y2, y3 and xQ = mQ/mψ, xS = mS/mψ. Since decaying
into top quark contains larger phase space suppression compared to the charm quark case,
F (mt,mS ,mψ) will be smaller than F (mc,mS ,mψ) except for ∆m = mψ − mS  mt in
which case F (mt,mS ,mψ) ' F (mc,mS ,mψ). Then the branching fractions are
Br(ψ → St) = 1
1 + y2y3
F (mc,mS ,mψ)
F (mt,mS ,mψ)
, (5.26)
Br(ψ → Sc) = 1
1 +
(
y2
y3
F (mc,mS ,mψ)
F (mt,mS ,mψ)
)−1 ,
and the signal production cross sections are
σ
(
pp→ ψψ → /ET + tt¯
)
= σ
(
pp→ ψψ
)
Br2(ψ → St) , (5.27)
σ
(
pp→ ψψ → /ET + jj
)
= σ
(
pp→ ψψ
)
Br2(ψ → Sc) .
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In Fig.9 we set y2 = y3 to show Br(ψ → Sc) on the plane of mS ,mψ with ∆m > mt.
One can easily use 1 − Br(ψ → Sc) to obtain the corresponding plot for Br(ψ → St). We
can see that ∆m ∼ mt makes Br(ψ → Sc) easily exceed 90%, while ∆m & 400 GeV would
make F (mt,mS ,mψ) ' F (mc,mS ,mψ) and result in Br(ψ → St) ' Br(ψ → Sc) ' 0.5.
σ(pp → ψψ) at √s = 13 TeV can be found in [68] which uses Top++ v2.0 [100] and the
MSTW 2008 NNLO PDF set. Next-to-next-to-leading-order (NNLO) QCD corrections and
the soft gluon resummation to NNLL accuracy [101–106] are also included.
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Figure 9. Br(ψ → Sc) with y2 = y3 on the plane of mS ,mψ with mψ −mS > mt.
We use FeynRules [80] to implement the model in this work to obtain UFO model
file [107], which is utilized by MadGraph5 [108] to generate the parton level events which
is further linked to PYTHIA8 [109, 110] to perform the parton shower and hadronization.
Then the PYTHIA event files are processed by CheckMate2 [111, 112] which utilizes Delphes3
[113, 114] to simulate the detector response and calculate the cut efficiency . The number
of signal events after selection cuts are calculated as Nsig = L ∗ σ ∗  where L = 36 fb−1 is
the ATLAS integrated luminosity at 13 TeV in [98, 99] and σ is the pp → ψψ production
cross section at
√
s = 13 TeV. We use top++2.0 [100] to obtain σ(pp→ ψψ) at next-to-next-
to-leading order (NNLO) which includes the next-to-next-to-leading logarithmic (NNLL)
contributions. We vary the renormalization and factorization scale between (0.5, 2)mψ to
estimate theoretical uncertainty ∆σ at 1σ level. CheckMate uses ∆σ and the number of
simulated events NMC to calculate ∆Nsig, which is the total uncertainty of signal event
number. Finally, CheckMATE defines the following quantity:
rCM ≡ Nsig − 1.96∆Nsig
N95obs
(5.28)
where N95obs is the model independent bounds at 95% Confidence Level (C. L.) on the number
of new physics signal events provided in the experimental reports. Then a model can be
claimed to be excluded at the 95% C. L. if rCM > 1. Note that rCM -limit is usually weaker
than the method based on S/
√
S +B < 1.96 since rCM -limit utilizes the total uncertainty
on the Nsig in a more conservative manner. More detail are provided in [111, 112].
In fig.10 we show the collider bounds from jets + /ET searches in [98] (left panels)
and from 1` + jets + /ET searches in [99] (right panels), where different rows correspond
to y2 = 0.5, 1, 3 with common y3 = 0.5, respectively. To account for uncertainties in our
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simulation, we highlight rCM = 1± 20% samples near the exclusion criteria rCM = 1. Light
grey, red, green, black samples correspond to rCM values within rCM < 0.8, [0.8, 1), [1, 1.2)
and rCM > 1.2, respectively. The left panels show that with increasing y2 the branching
fraction Br(ψ → Sc) get enhanced and results in generally larger jets+ /ET production cross
sections and wider exclusion region. Correspondingly, the smaller tt¯ + /ET production cross
sections result in lower exclusion sensitivity. In the first row with y3 = y2 = 0.5, we found
that mψ can be excluded up to around 1100 (950) GeV using jets + /ET (1` + jets + /ET )
signal, and the sensitivity can reach mS around 200 (400) GeV. On the contrary, in the lowest
row with y2 = 3.0 and dominating Br(ψ → Sc), the jets+ /ET sensitivity is greatly amplified
and mψ can be excluded up to 1400 GeV while the 1` + jets + /ET search completely loses
the sensitivity.
5.6 Combined results
In Fig.11 we show the combined results from the DM relic abundance requirement Ωh2 ' 0.12,
the DM direct/indirect detection constraints, 13 TeV LHC data and the top FCNC predic-
tions for y3 = 0.5 and y2 = 0.5, 1, 3. On the left panels, the pink, cyan, grey and yellow
regions are excluded by the current XENON1T, Fermi dwarf, LHC searches for jets + /ET
and 1`+ jets+ /ET at 13 TeV, while the black solid lines correspond to the correct DM relic
abundance. On the right panels, the solid lines with red, green, blue and orange colors are
predictions of Br(t → c + γ/g/Z/SS) when ΩDMh2 ' 0.12 is satisfied, respectively. Rows
from top to bottom correspond to y2 = 0.5, 1, 3 with common y3 = 0.5. We found that with
increasing y2, the combined results can exclude the whole light DM mass region mS . 100
GeV when scalar S forms the whole DM components, and the top FCNC branching fractions
are usually below 10−9. Note that the current precision of top quark width measurement is
around 10% level [115, 116] and the FCNC measurement is around 10−4 [117], the benchmark
scenarios shown in Fig.11 are still safe from top quark width measurements when passing
other constraints. Note that both the experimental measurements (∼ 10−4) and the the-
oretical predictions with y2 = y1 for Br(t → u/c + V ) are close to each other because of
mu ∼ mc ∼ 0, meanwhile Fig.2 indicates that y1 generally receives stronger limits than y2
from the direct detection (except for a narrow region with destructive cancellation). There-
fore, passing the DM direct detection constraints can also make it easy to pass the top FCNC
bounds for DM interactions with light quarks through y1 as long as y3 ∼ O(1).
6 Conclusion
The absence of confirmed signal in dark matter direct detection may suggest weak interaction
strengths between DM and the abundant constituents inside nucleon, i.e. gluons and valence
light quarks. In this work we consider a real scalar dark matter S interacting only with
SU(2)L singlet Up-type quarks Ui = uR, cR, tR via a vector-like fermion ψ which has the same
quantum number as Ui. The DM-nucleon scattering can proceed through both h-mediated
Higgs portal (HP) and ψ-mediated vector-like portal (VLP), in which HP can receive sizable
radiative corrections through the new fermions.
We first study the separate constraints on the new Yukawa couplings yi and find that
the constraints of XENON1T results are strong on y1 from VLP scattering and on y3 from
its radiative contributions to HP scattering. Since both DM-light quark interactions and
HP have been well studied in the existing literature, we move forward to focus on DM-
heavy quark interactions. Since there is no valence c, t quark inside nucleons at µhad ∼
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Figure 10. ATLAS bounds on the model of this work using 36 fb−1 data at 13 TeV. Left: jets+ /ET
signal; Right: 1` + jets + /ET signal. Rows from top to bottom correspond to y2 = 0.5, 1, 3 with
common y3 = 0.5. All masses are in unit of GeV.
1 GeV, y2, y3 interactions are manifested in DM-gluon scattering at loop level. We find
that renormalization group equation and heavy quark threshold effects are important if one
calculates the DM-nucleon scattering rate σSIp at µhad ∼ 1 GeV while constructing the effective
theory at µEFT ∼ mZ . For the benchmarks y3 = 0.5, y2 = 0.5, 1, 3, combined results from
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Figure 11. Combined results. Left: mass relations required by observed relic abundance confronting
the excluded region by direct/indirect detection and 13 TeV LHC data; Right: predicted top
FCNC branching fractions when satisfying ΩDMh
2 ' 0.12. Rows from top to bottom correspond to
y2 = 0.5, 1, 3 with common y3 = 0.5, respectively.
ΩDMh
2 ' 0.12, XENON1T, Fermi-LAT, 13 TeV LHC data have almost excluded mS < mt/2
when only DM-{c, t} interactions are considered. FCNC of top quark can be generated at
both tree level t → ψ(∗)S → cSS and loop level t → c + γ/g/Z, of which the branching
– 24 –
fractions are typically below 10−9 after passing the other constraints, which are still safe
from the current top quark width measurements.
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